Four Zr-based amorphous matrix composites whose dendrite size was varied with plate thickness were investigated, and the deformation mechanisms related with improvement of strength and ductility were investigated by focusing on how the size of ductile b dendrites affected the initiation and propagation of deformation bands. These composites contained 47 to 49 vol pct of dendrites sized by 14.7 to 42.8 lm, and they showed excellent tensile properties of yield strength of 1.3 to 1.5 GPa and uniform elongation up to 11.7 pct. According to the observation of tensile deformation behavior of the composite with a plate thickness of 5 mm, many deformation bands were formed inside dendrites in several directions, and the deformation bands met crossly each other to form widely deformed areas. Because the wide and homogeneous deformation in this composite beneficially worked for the tensile strength and ductility simultaneously, the optimum size of dendrites and thickness of plates were approximately 19 lm and 5 mm, respectively. Considering that Zr-based amorphous matrix composites are mostly used in a plate form in their conventional applications, the current research can provide the optimum plate thickness data for their fabrication processes such as rolling, extrusion, and strip casting.
I. INTRODUCTION
BULK amorphous alloys have excellent properties such as strength, hardness, stiffness, and corrosion resistance because of their distinctive liquid-like structure. [1] [2] [3] They have also been accepted as worldwide leading-edge materials because of their potentialities in structural applications, which have been available by continuous improvement of manufacturing processes and properties. For wider applications of amorphous alloys, however, problems remain to be solved for expanding their applications. A typical problem is brittle fracture. When amorphous alloys that do not have dislocations inside are deformed, shear bands play a role in initiating deformation and fracture, thereby leading to abrupt fracture in a shear mode. [4, 5] This brittle fracture works as an obstacle to good reliability and life of high-performance components. If amorphous alloy matrix composites containing a sufficient amount of ductile phases in the amorphous matrix are developed, then the brittle fracture in amorphous alloys can be solved. [6] [7] [8] In monolithic amorphous alloys, plastic zones are hardly observed under tensile or compressive loading because the plastic deformation is concentrated on highly localized shear bands, which is why they show stress-strain curves observed in typically brittle materials such as ceramics. [9] [10] [11] [12] To improve the ductility, studies on fabricating amorphous matrix composites have been actively conducted. Various fabrication methods include the generation of ductile dendrites from the amorphous melt, [13] [14] [15] the addition of crystalline particles to the amorphous melt, [16] the casting of amorphous matrix composites reinforced with continuous fibers, [17] and the partial crystallization of amorphous alloys to disperse nanocrystallines. [18] In recently developed Zr-and Ti-based amorphous matrix composites, where ductile dendrites are formed in situ from the amorphous matrix, the tensile ductility is greatly improved by forming deformation bands at dendrites and multiple shear bands in the amorphous matrix simultaneously. [19] [20] [21] [22] Szuecs et al. [19] reported that a Zr-based amorphous composite containing ductile dendrites of crystalline b phases (structure; body-centered cubic), i.e., an LM2 alloy (Liquidmetal Technologies, Lake Forest, CA; composition: Zr 56.2 Ti 13.8 Nb 5.0 Cu 6.9-Ni 5.6 Be 12.5 [at. pct]; dendrite size: 6 to 7 lm; dendrite volume fraction: 35 to 40 pct) showed the tensile strength of 1470 MPa and ductility of 2.5 to 3 pct, which were improved by the formation of more shear bands than those formed in a monolithic Zr-based amorphous alloy, i.e., an LM1 alloy (Liquidmetal Technol-ogies; composition: Zr 41.2 Ti 13.8 Cu 12.5 Ni 10.0 Be 22.5 [at. pct]). Hofmann et al. [20] enhanced the tensile strength and ductility up to 1510 MPa and 9.5 pct, respectively, by increasing the volume fraction of b dendrites up to 47 pct in Zr-based amorphous composites containing more Ti content (31 to 34 at. pct) than the LM2 composite. In Ti-based amorphous composites, where the Ti content (46 to 56 at. pct) was higher than the Zr content, the volume fraction of b dendrites increased up to 70 pct, which led to the improvement of tensile ductility over 10 pct. [21] These results on Zr-and Ti-based amorphous matrix composites indicate that the Ti content increases the volume fraction of b dendrites, which generally results in the improvement of tensile ductility, whereas the tensile strength is largely varied with the fabrication conditions and composite compositions. To improve the tensile ductility of these composites even more, the size and volume fraction of dendrites need to be optimized, but the effects of dendrite size on tensile properties have not been sufficiently investigated, although the trends of increased ductility with increasing volume fraction of dendrites are generally accepted. In addition, elucidation of the deformation mechanisms in relation with microstructure is essentially needed because explanations on the effects of dendrite size and volume fraction are largely varied with investigators.
In this study, four Zr-based LM2 composite plates with different thickness were fabricated by varying cooling rates after a vacuum arc melting. The size of the ductile dendrites was varied in the fabricated composite plates, whereas their volume fraction was almost constant. Microstructures of the composite plates were analyzed, and their mechanical properties were evaluated by conducting tensile tests. Deformation mechanisms related with the improvement of tensile strength and ductility were investigated by focusing on how ductile dendrites affect the initiation and propagation of deformation bands or shear bands.
II. EXPERIMENTAL
A master alloy was fabricated by arc melting of an appropriate amount of the LM2 composite in a watercooled copper crucible under a Ti-gettered argon atmosphere. Four LM2 composite plates were produced in four water-cooled copper molds, whose inner sizes were 50 9 15 9 (3, 5, 7, and 10) mm, by suction casting. For convenience, the plates with a thickness of 3, 5, 7, and 10 mm are referred to as Z3, Z5, Z7, and Z10 composites, respectively.
The composites were polished in diamond pastes (size: 0.25 lm), etched by a solution of 40 mL HF, 20 mL HNO 3 , 40 mL HCl, and 200 mL H 2 0, and observed by a scanning electron microscope (SEM; model JSM-6330F; JEOL Ltd., Tokyo, Japan). Crystalline phases and amorphous matrix were analyzed by energy dispersive spectroscopy (EDS) and X-ray diffraction (XRD, Cu radiation, scan rate: 2 deg min À1 , scan step size: 0.02 deg), and their average size and volume fraction were measured by an image analyzer. The hardness of dendrites was measured by an ultra-micro Vickers hardness tester (model DUH-W201S: Shimadzu, Kyoto, Japan). For measuring the hardness of individual dendrites, a triangle-cone-type indenter and a load of 5 g were used, and then the hardness values were converted to those of the square-cone-type indenter.
The composites were machined into plate-type tensile specimens (Figure 1) , and room-temperature tensile tests were conducted on these specimens at a strain rate of 5.2 9 10 À4 seconds À1 by a universal testing machine (model 8862; Instron Corp., Canton, MA) with capacity of 10,000 kg. Because the specimen size was very small to attach a strain gage, the precise measurement of strain was difficult. During the tests, thus, the strains were measured by a vision strain gauge system (model ARAMIS v6.1; GOM Optical Measuring Techniques, Braunschweig, Germany), which could detect threedimensional coordinates of the deforming specimen surface based on the digital image processing delivering three-dimensional displacement and strain. This AR-AMIS system recognized the surface structure of the measuring specimen in digital camera images and allocated coordinates to image pixels. The first image in the measuring specimen represented the undeformed state, and subsequent images were recorded during or after the deformation. Then, the ARAMIS system compared the digital images and calculated the displacement and deformation. Tensile stress-strain curves could be drawn by matching time-strain values obtained from this ARAMIS system with time-strain curves experimentally obtained from the testing machine. To investigate the tensile deformation behavior, the deformed area of the fractured specimen was observed by an SEM.
III. RESULTS

A. Microstructure
SEM micrographs of the Z3, Z5, Z7, and Z10 composites are shown in Figures 2(a) through (d), respectively. A dendritic structure is well developed in the composites, and dendrites are evenly distributed in the amorphous matrix. The average sizes and volume fractions of dendrites were measured, and the results are shown in Table I .
The average size increases as the thickness of the composite plate increases (as the cooling rate decreases), whereas the volume fraction of dendrites remained almost constant at 47 to 49 pct. In the Z10 composite, the dendrite size reached 3.7 lm, and some large dendrites of 10 lm or larger in size are found (Figure 2(d) ). The EDS data of dendrites and amorphous matrix are shown in Table II .
The composition of amorphous matrix is similar to that of the LM2 composite. The dendrites contain Ti, Zr, and Nb, whereas Ni and Cu are hardly detected. As the plate thickness increases, the contents of Cu and Nb tend to increase in the amorphous matrix and dendrites, respectively.
The EBSD analysis results are provided in Table I and increase in the order of the Z3, Z5, Z7, and Z10 composites (as the thickness of the composite plate increases or the cooling rate decreases). Table III shows the ultra-micro Vickers hardness test results of dendrites and amorphous matrix.
B. Tensile Properties
The hardness of the amorphous matrix is highest at 662 VHN in the Z3 composite, and the hardness decreases in the order of Z5, Z7, and Z10 composites. This hardness trend also appears in the hardness data of dendrites. The highest hardness of amorphous matrix and dendrites in the Z3 composite is associated with the fastest cooling rate. Figure 5 presents the tensile stress-strain curves drawn by matching time-strain values obtained from the ARAMIS system with time-strain curves experimentally obtained from the testing machine. Table IV summarizes the tensile test results.
The yield and tensile strengths and uniform elongation of the Z3 composite are 1510 MPa, 1590 MPa, and 6.7 pct, respectively, and the Z5 composite has the lower yield and tensile strengths and higher elongation than the Z3 composite. The Z7 composite has the lower strengths and elongation than the Z5 composite, and tensile properties of the Z10 composite are worst among the four composites because the Z10 composite hardly shows the plastic strain. The Z3, Z5, and Z7 composites have excellent properties of the yield strength over 1.3 GPa and the uniform elongation over 6 pct, which [19] Digital images of plastic strain of the tensile specimen in the initial, intermediate, and final stages of tensile deformation for the Z5 composite are shown in Figures 6(a) through (c), respectively. In Figure 6 , the local strains distributed in the deformed specimen are indicated by blue, green, yellow, and red colors, depending on the amount of deformation. In the initial stage, the deformation occurs homogeneously throughout the specimen without the necking, and the local plastic strain is hardly observed (Figure 6(a) ). In the intermediate stage, the local plastic strain reaches the maximum at 24.6 pct in the center region of the gage section, where the necking is observed (Figure 6(b) ). Figure 6 (c) shows the plastic strain prior to the specimen fracture, which reaches the maximum at 46.9 pct. The severe plastic deformation occurs in the center region of the gage section. Because voids or cracks can be formed under a triaxial stress state, the area in which the local plastic strain cannot be defined or calculated is found as indicated by an arrow in Figure 6 (c). When the local plastic strains in Figures 6(a) through (c) are averaged along the tensile loading direction, the strain-time data can be obtained, and the tensile stress-strain curves of Figure 5 are drawn by matching these data with experimentally obtained time-strain curves. Digital images of plastic strain in the final stage prior to the specimen fracture of the four composites are shown in Figures 7(a) through (d) . In the Z3 composite, the local strain is concentrated in the center region of the gage section, and it reaches 26.5 pct (Figure 7(a) ). In the Z5 composite, the highest local strain reaches 46.9 pct, and the locally strained region seems to be wider than that of other specimens (Figure 7(b) ). This finding implies that the Z5 composite is relatively homogeneously elongated, and its local strain reaches the maximum in the necked region. The maximum local strain in the necked region of the Z7 composite (40.5 pct) is lower than that of the Z5 composite (46.9 pct) (Figure 7(c) ). In the Z10 composite, the locally strained region is hardly shown, which indicates that the fracture occurs with very little plastic deformation (Figure 7(d) ).
In these composites, the necking occurs right after the yielding without strain hardening, as shown in Figure 5 . Figures 8(a) through (d) are low-magnification SEM micrographs of the fractured tensile specimens. In the Z3, Z5, and Z7 composites, the deformation is concentrated in the necked area, which leads to the final fracture, whereas the deformed area near the fractured surface is hardly found in the Z10 composite. The reduction in area was measured from these specimens, and the results are listed in Table IV . It increases in the order of the Z10, Z3, Z7, and Z5 composites, and it shows the same trend to the uniform elongation shown in Figure 5 and to the maximum plastic strains shown in Figures 7(a) through (d) .
SEM micrographs of the side region of fractured tensile specimens are shown in Figures 9 through 12 . These micrographs are classified by initial, intermediate, and final stages according to the extent of deformation or the local stain measured by the ARAMIS system, as indicated by red arrows. In the initial stage of the Z3 composite, deformation bands are initiated at dendrites as marked by arrows (Figure 9(a) ). As the deformation proceeds, deformation bands composed of many parallel slip lines are well developed in wide areas, and thus, dendrites are not clearly identified (Figure 9(b) ). They are connected with other bands of adjacent dendrites through the amorphous matrix in several directions. In the final stage, one or two slip lines are deepened inside well-developed deformation bands, and cracks are initiated at the deepened slip lines that crossly meet with other deepened slip lines, thereby leading to the final failure ( Figure 9(c) ). In the Z5 composite, the deformation starts at some dendrites, like in the Z3 composite (Figure 10(a) ). Deformation bands are formed at dendrites, whereas the amorphous matrix is hardly deformed. In the next deformation stage, several deformation bands are well formed inside dendrites in different directions (Figure 10(b) ). Inside some dendrites, deformation bands meet each other crossly. Shear bands are well developed in the amorphous matrix, as the deformation bands formed at dendrites are connected with other bands of adjacent dendrites, but the direction of some shear bands is different from the directions of the deformation bands (Figure 10(c) ). As the deformation proceeds, the number of crossed deformation bands tends to increase, and one or two slip lines inside deformation bands are deepened to form cracks (Figure 10(d) ). It is likely that the main crack initiation sites are areas at which deepened slip lines meet each other crossly.
The deformation behavior of the Z7 composite is similar to that of the Z5 composite, whereas deformation bands tend to be less actively formed at dendrites than in the Z5 composite (Figures 11(a) through (c) ). Also, there is a trend to form a considerable amount of deformation bands inside dendrites in the same direction within a given area (Figures 11(a) and (b) ). In the Z10 composite, deformation bands are initiated inside large dendrites (Figure 12(a) ) and are propagated into adjacent dendrites through the amorphous matrix (Figure 12(b) ). They have one propagation direction in a considerably wide area, and the number of slip lines inside deformation bands is smaller than that of any other composites. This finding implies that the deformation does not actively take place. In the final stage of deformation, the cracks are formed and opened as one or two slip lines are deepened (Figure 12(c) ).
IV. DISCUSSION
Zr-based amorphous composites containing ductile b dendrites generally show limited ductility under tensile loading, although they show good ductility under compressive loading. [23, 24] The brittle deformation behavior shown under tensile loading is attributed to the limited plastic deformation mechanisms. Even when the applied stress is dispersed by the formation of multiple shear bands in the amorphous matrix, the tensile ductility can be limited without the development of slips or twins, which are essential to plastic deformation. To improve the tensile ductility, thus, it is necessary to make use of plastic deformation mechanisms of ductile dendrites positively. Therefore, it is essentially needed that dendrites have sufficient volume fraction to use the deformation of dendrites actively. Although rapid cooling is generally required for the formation of the amorphous matrix, it often causes the limited growth of dendrites. [25] When dendrites are formed in situ in the amorphous matrix, the plastic deformation takes place by slips inside dendrites, which can lead to the overall plastic deformation in the composites and contribute to excellent tensile properties. The current Z3, Z5, Z7, and Z10 composites have similar microstructures composed of dendrites in the amorphous matrix, but the effective sizes of dendrites are varied at 14.7 to 42.8 lm by the different cooling rates during the fabrication of composite plates, as shown in the EBSD results of Figures 4(a) through (d) and Table I , whereas their volume fraction is almost the same at 47 to 49 pct. Because the deformation behavior is similar or the same within these effective dendrites having the same orientation, the dendrite size means the ''effective'' one hereafter. According to the difference in dendrite size, the composites show the different deformation behavior and tensile properties.
When the Z3 and Z5 composites are compared (dendrite size: 14.7 lm vs 18.6 lm), the strengths are higher in the Z3 composite, whereas the elongation is higher in the Z5 composite. This finding is simply explained by the difference in size and hardness of dendrites and amorphous matrix (Tables I and III) . As the cooling rate decreases, dendrites are coarsened, and the amorphous matrix becomes less hardened because of the decrease of amorphous forming ability. The coarsening of dendrites and the reduction in amorphous forming ability result in the decreased strength and increased elongation, as in the Z5 composite. In addition, the tensile deformation behavior is similar in these two composites (Figures 9 and 10) , i.e., initiation of deformation bands, coalescence of deformation bands with other bands of adjacent dendrites through the amorphous matrix, and crack initiation at the deepened slip lines. However, in the Z5 composite containing softer dendrites, deformation bands are more readily formed than in the Z3 composite (Figures 10(b)  and (c) ). This observation helps the explanation of the remarkable (approximately two times) increase in elongation in the Z5 composite, whereas the reduction in strength is relatively small (Table IV) .
When the Z5 composite is compared with the Z7 composite (dendrite size: 18.6 lm vs 30.1 lm), both the strengths and elongation are higher in the Z5 composite (Table IV) . Because the hardness of dendrites and amorphous matrix is higher in the Z5 composite than in the Z7 composite, the higher strength and lower elongation are expected in the Z5 composite as hard dendrites positively affects the strength, but the higher elongation resulted. This higher elongation is not easily explained because the higher strength generally results in the lower elongation. In view of elongation, thus, the difference in tensile deformation behavior needs to be investigated in detail. In the initial deformation stage of both Z5 and Z7 composites, the deformation starts at dendrites as deformation bands are well developed, whereas the amorphous matrix is hardly deformed (Figures 10(a) and 11(a) ). Deformation bands are formed at dendrites in the same direction within a considerably wide area in the Z7 composite (Figure 11(b) ), but many deformation bands are formed inside dendrites in several directions, which deviate from the previously formed deformation band directions in the Z5 composite (Figure 10(b) ). As the deformation proceeds further in the Z5 composite, deformation bands meet each other crossly, thereby forming the widely deformed areas (Figures 10(b) through (d) ). Because the deformation occurs relatively homogeneously in the Z5 composite, multiple shear bands are well developed in the amorphous matrix (Figure 10(c) ). The homogenous deformation in both dendrites and amorphous matrix leads to the improvement in elongation as well as strength in the Z5 composite.
This difference in tensile deformation behavior in the Z5 and Z7 composites is mainly associated with the size of dendrites. The tensile ductility can be deteriorated when dendrites are large above a certain size level. In the Z7 composite containing larger dendrites, because deformation bands are formed at dendrites in the same direction within a wide area as shown in Figure 11 (a), they have characteristics of planar slips occurring on a few slip planes of b dendrite. Thus, there is a trend to form a considerable amount of deformation bands in a wide range of dendrites in one direction (Figures 11(a) and (b)), and deformation bands tend to be less actively formed at dendrites than in the Z5 composite. This trend is more clearly visible in the Z10 composite. Deformation bands initiated inside large dendrites propagate into adjacent dendrites through the amorphous matrix in one direction (Figures 12(a) and (b) ), and cracks are more readily formed at one or two already deepened slip lines (Figure 12(c) ).
The aforementioned results of the amorphous matrix composites containing ductile dendrites indicate that the composites have the yield strength of 1.3 to 1.5 GPa and the uniform elongation up to 11.7 pct under tensile loading. Particularly in the Z5 composite containing relatively small dendrites, deformation bands are formed inside small dendrites, and some of them are crossly linked as they are expanded into adjacent dendrites. The formation and expansion of deformation bands result in the relatively homogeneously deformed area near the necked region of the tensile specimen. In the deformed area, a considerable amount of multiple shear bands is also found in the amorphous matrix (Figure 10(c) ). This wide and homogeneous deformation behavior occurring in the Z5 composite beneficially works for the tensile ductility, and thus, an optimum size of dendrites exists, e.g., 18.6 lm. Because this composite has outstanding properties of high strength and ductility, which have been hardly reported in previous studies on Zr-based amorphous alloys and composites, it presents new applications to structural materials requiring excellent properties and confirms desirable possibilities to overcome the shortcoming of brittle fracture, while keeping advantages of monolithic amorphous alloys.
The current study on the fabrication of Zr-based amorphous matrix composite plates with different thicknesses prove a good way to investigate effects of dendrite size on tensile properties and to find the optimal dendrite size for improving the tensile properties. It can also be useful to understand the tensile deformation behavior and to suggest optimal dendrite size for improving tensile properties. In fact, considering that these amorphous matrix composites are mostly used in a plate form in their conventional applications, the current research idea can provide the optimum thickness data of plates with excellent strength and ductility during their fabrication processes such as rolling, extrusion, and strip casting. [24, 26, 27] In particular, the optimization of plate thickness plays an important role in the continuous strip casting process, which is recognized as an economic way to reduce manufacturing costs and to expand the applicability [24, 26] because it can improve tensile properties while the casting proceeds. Because only the Zr-based amorphous composites containing different dendrite sizes are compared in this study, the microstructures of various amorphous composites fabricated under various chemical compositions and cooling rate conditions are to be analyzed, and a more fundamental correlation study between microstructures and deformation mechanisms is to be conducted in the future.
V. CONCLUSIONS
Microstructures and tensile properties of four Zrbased amorphous matrix composites whose dendrite size was varied with plate thickness (or cooling rate) were examined, and the deformation mechanisms related with improvement of strength and ductility were investigated.
1. The amorphous matrix composites contained 47 to 49 vol pct of b dendrites whose sizes were varied at 1.7 to 9.1 lm with plate thickness. They showed excellent tensile properties of yield strength of 1.3 to 1.5 GPa and uniform elongation up to 11.7 pct, which were more excellent than conventional Zr-based amorphous alloys and composites. 2. When the Z3 and Z5 composites were compared (dendrite size: 14.7 lm vs 18.6 lm), the strengths were higher in the Z3 composite, whereas the elongation was higher in the Z5 composite because the hardness of dendrites and amorphous matrix was higher in the Z3 composite. The tensile deformation behavior was similar in both composites, i.e., initiation of deformation bands, coalescence of deformation bands with other bands of adjacent dendrites through the amorphous matrix, and crack initiation at deepened slip lines, but deformation bands were more readily formed in the Z5 composite containing softer dendrites. 3. When the Z5 and Z7 composites were compared (dendrite size: 18.6 lm vs 30.1 lm), both the strengths and elongation were higher in the Z5 composite. The higher strength in the Z5 specimen was explained by the higher hardness of dendrites and amorphous matrix. According to the observation of tensile deformation behavior, deformation bands were formed at dendrites in the same direction within a considerably wide area in the Z7 composite, whereas many deformation bands were formed inside dendrites in several directions in the Z5 composite. In the Z5 composite, deformation bands met each other crossly to form widely deformed areas, thereby leading to the improvement in elongation as well as strength. 4. Because the wide and homogeneous deformation in the Z5 composite beneficially worked for the tensile strength and ductility simultaneously, the optimum size of dendrites and thickness of plates, e.g., 18.6 lm and 5 mm, respectively, existed in the Zrbased amorphous matrix composites. Considering that they are mostly used in a plate form in their conventional applications, the current research idea can provide the optimum thickness data of plates with excellent strength and ductility during their fabrication processes such as rolling, extrusion, and strip casting.
